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Abstract: This volume explores how structural geology can be applied to industrial activities. It
includes case studies that exhibit the state of the art and provides an overview of current and future
trends in structural geology. The constituent papers cover a wide range of topics, including regional
tectonics; trap and prospect definition; fault, fold and fracture analysis; seal analysis; interpretation
of geophysical, borehole, core and outcrop data. The volume demonstrates how structural concepts
ultimately create value and how academic institutions, specialist consultants and operating compa-
nies work together at a variety of scales and in varied geological settings to explore for and produce
natural resources for the economic benefit of society.
Structural geology is a fundamental component of
natural resource industries such as the petroleum,
mining and hydrogeology sectors, and the appli-
cation of structural workflows to these businesses
has a far-reaching economic impact. This volume
focuses on a series of case studies and workflows
that are largely derived from the oil and gas indus-
try; however, the underlying principles and tech-
niques are broadly applicable to any industry
where subsurface resources can be delineated, quan-
tified and extracted, or where industrial products
must be stored underground. The papers within this
volume are contributions from workers based in
academic institutions, specialist consultancies and
operating companies, demonstrating the variety of
organizations contributing to the industrial struc-
tural geological ecosystem and the development
of techniques. Structural techniques have routine
application at every scale, from remotely sensed
data acquired by satellite observation right down
to thin-section analysis. The most common indus-
trial applications of structural geology are to the
interpretation of seismic data and borehole-derived
data to define the geometries of petroleum and
mineral deposits in order to ultimately quantify
resources and determine safe and economicmethods
of extraction. However, a rigorous structural frame-
work is also required at multiple scales to aid
with other subsurface disciplines such as drilling
engineering (borehole stability), petroleum sys-
tems modelling (fluid/migration pathways, ther-
mal history) and sedimentology (sediment routing,
provenance).
Although industry builds upon classical struc-
tural principles and techniques, many of the work-
flows in industry have developed rapidly over the
last two decades, taking advantage of novel, high-
cost datasets, such as marine 3D seismic and well
data from deep, challenging-to-access zones of the
Earth’s crust, including high-pressure and high-
temperature domains. Often this industrial data
result in a unique view of the subsurface, which
can be of both scientific importance and potential
economic significance to society. Whilst structural
geology is only one of a number of techniques
applied in the petroleum industry, it is one of the
fundamental components of risk and volume analy-
sis, which provides the geoscientific bedrock for
economic assessments in the exploration and pro-
duction business. The work of Rose (2001) pro-
vides an excellent introduction to the analysis and
dynamics of the petroleum industry, the framework
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within which E&P investments should be made, and
the technical work that underpins decision making.
Industrial structural principles
Structural traps are by far the most significant type
of hydrocarbon accumulation in terms of volumetric
contribution to the global oil and gas reserve base.
Adequate delineation of structural surfaces and the
stratigraphic horizons they interact with is essential
to both robust pre-drill assessments of prospec-
tive resource ranges (together with the associated
chances of encountering hydrocarbons), and to pre-
dictions of the dynamic behaviour of reservoirs in a
production context.
Once a petroleum play has been defined, map-
ping of potential containers consisting of reservoir–
seal pairs and folds/faults must be carried out in
order to establish the location and size of these
traps. This is most commonly achieved using seis-
mic images of the subsurface, which are, by their
very nature, an imperfect geophysical representa-
tion of geology and are, therefore, open to a variety
of interpretations. In a unique study of the variabil-
ity that can result from interpretation by different
individuals and groups of such datasets, Richards
et al. (2015) expose the need for careful assessment
of the validity of subsurface interpretations in order
to mitigate the chances of exploration well failures.
Even if mapped traps are valid, uncertainties in the
interpretations and the data from which they are
derived will result in a range of possible volume out-
comes and, by extension, estimates of the economic
value of individual prospects. The authors outline
some simple screening methods that may be used
to test structural interpretation quality, so that poten-
tial problem areas can be identified and subjected to
more rigorous analysis.
Subsequent to the mapping of a valid trap (or
alternate scenarios of the same trap), it is nec-
essary to evaluate seal integrity across all of its
bounding surfaces. In structural traps, this com-
monly involves a fault seal component, which will
involve consideration of juxtapositions between
permeable/impermeable stratigraphic units, plus
entrained material along fault planes, and inferences
of the hydraulic properties of these interfaces and
fluid phases within the system.Yielding (2015) out-
lines the principles behind fault seal assessments
in structural traps, which are a key element in estab-
lishing hydrocarbon column heights in explora-
tion and production workflows. Given that column
height variability is commonly the single biggest
contributor to volumetric (and therefore economic)
uncertainty, much of the technical effort required
in prospect assessment should be directed towards
seal assessment and trap-fill.
More holistic assessments of structural geome-
tries require integrating an understanding of the
kinematic evolution of folds, faults and fractures,
and the mechanical behaviour of deforming rocks.
Folding and faulting in the Earth’s crust results in
the formation of associated fractures that play a sig-
nificant role in allowing migration of fluids from
hydrocarbon source kitchens into traps. Cosgrove
(2015) reviews the broad variety of folds that can
develop within compressional regimes, and outlines
how an understanding of the variability in timing
and spatial distribution of the associated fractures
is fundamental to assessments of fluid migration
pathways and history that are required for petroleum
system models.
Whilst consideration of the impact of structure
on hydrocarbon trapping and migration is relatively
common, MacKay (2015) considers the converse
situation where variations in hydrocarbon genera-
tion and pore fluid pressure impact the evolution
of the gross structural system. Theoretical consid-
erations of pore pressure-related stress changes,
linked to source rock distribution and maturation,
may have the potential for significant feedbacks
into contractional tectonic regimes, as illustrated
by the example of the Canadian Rockies.
Industry techniques and workflows
Structural interpretations rely on a broad array of
different data types, acquired at different scales of
observation, and whilst it is important to integrate
as many techniques as possible into interpretational
workflows, industrial workers frequently do not
have the luxury of access to complete or ideal,
multi-faceted datasets. Bond et al. (2015) assess
the impact of applying different techniques to the
same dataset on interpretational outcomes, using
synthetically generated borehole and seismic data
from a common geological model. The general mes-
sage is that regardless of data type and density, the
chances of a worker generating a valid interpreta-
tion are greatly enhanced by considering the geolog-
ical evolution of structures during the interpretation
process. Surprisingly, seismic interpreters in this
study tended to perform less well than interpreters
using borehole data alone, despite having access to
a ‘complete’ image of the subsurface. This indicates
that there is a risk with ever-improving seismic
imaging that the geological reasoning process can
be shut down by workers who ‘map what they see’
and impose the bias of their past experience onto
the data, rather than using thought processes that
test and establish the geological evolution of struc-
tures during the interpretation workflow.
Techniques involving data derived from explor-
atory wells are described by Blenkinsop et al.
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(2015) and Murray (2015). The former paper
focuses on a novel, unified technique for obtaining
structural data such as planes, lineations, fold
hinges, shear zones, fractures and faults from ori-
ented drill cores, which are expensive to acquire
but, where available, should be utilized fully as a
source of structural information. Techniques such
as this, derived initially from the minerals industry,
are becoming increasingly important to the petro-
leum industry. Murray (2015) outlines a method
where fractures and other features can be character-
ized in the absence of core, using images obtained
down the borehole. Correctly describing fracture
populations is of crucial importance to the evalua-
tion of hydrocarbon reservoirs in basement rocks,
but has other industrial applications in groundwater
modelling and nuclear waste disposal schemes.
Outcrop studies can be used to bridge the gap
between core- and well-scale observations of frac-
tures and the scale of an entire field, since frac-
tures are below the resolution of seismic data. Pless
et al. (2015) describe the construction of three-
dimensional models of fracture systems using ter-
restrial laser scanning of outcrops, supplemented
by remote sensing and line-sampling workflows in
order to derive fracture densities, orientations and
dimensions. This technique is illustrated by applica-
tion to the Scottish Highlands, which are potentially
analogous to nearby offshore fields that have base-
ment reservoirs.
Structural integration and case studies
from industry
The final section of the volume is a collection of case
studies applied to regional-, field- and reservoir-
scale industrial structural problems. At the regional
scale, Morley (2015) considers the intracratonic
rift basins of Thailand and how their atypical struc-
tural evolution and configuration have control-
led trap styles, reservoir depositional systems
and the maturation and migration history within
these basins. These basins have undergone multiple
phases of rifting and inversion, with a complex
stress regime against the background of rapid plate
boundary changes, and prevalent low-angle normal
fault development, all of which have combined to
have an impact on the prospectivity of the petroleum
systems.
Regional-scale studies of this kind can often be
greatly enhanced through careful application of
gravity and magnetic data in order to delineate the
gross distribution of crustal types, which are crucial
for modelling source rock presence and maturity as
well as the distribution of major structural highs.
Such techniques add particular value in situations
where seismic imaging is problematic (e.g. in the
presence of salt and volcanics) or where seismic
data acquisition is complicated or coverage is
sparse. Rippington et al. (2015) apply gravity and
magnetic methods to the Faroe–Shetland Basin
where deep, basement structures beneath a volcanic
succession have an important control on the overly-
ing hydrocarbon-bearing traps. Within this basin
lies the giant Clair oil field, which has been a chal-
lenging development of a fractured basement reser-
voir. Ogilvie et al. (2015) describe the importance
of the application of structural geological tech-
niques not just to the regional setting and reservoir
characterization of this field, but also to the safe
and efficient execution of drilling activities through
a complex overburden and reservoir section.
The dynamic behaviour of reservoirs during pro-
duction can also be understood and predicted better
using a number of structural techniques.Wood et al.
(2015) describe an integrated study where seismic
and outcrop resolution datasets were combined to
construct a geocellular model to simulate the flow
behaviour of oil within a reservoir under depletion.
The structural and stratigraphic resolution of the
model was shown to have a significant impact on
themodelled production history of the reservoir, pri-
marily as a result of the degree to which cross-fault
reservoir juxtaposition and permeability is repre-
sented, and underscores the importance of capturing
sufficiently detailed and realistic structural com-
plexity within dynamic models.
In fields that rely primarily upon fracture perme-
ability, correct prediction of fracture densities and
permeabilities is vital to correct well placement,
which can have a significant impact upon produc-
tion rates, and overall oil or gas recovery. Freeman
et al. (2015) illustrate this by way of the novel appli-
cation of geomechnical modelling techniques to the
Gorm Field in the Danish sector of the southern
North Sea. They have developed an elastic disloca-
tion model in which strains are calculated using the
observed geometry of seismically interpreted sur-
faces, and constrained by image log data from
well penetrations, in order to forward model the
location, density and orientation of fractures within
the reservoir. The application of such techniques
could become invaluable in predicting fracture pop-
ulations in exploration and unconventional resource
scenarios, using readily available seismic data and
their interpretations.
An alternative method for fracture prediction
using structural restorations and forward models
of geomechanical deformation is described by
Bergbauer & Maerten (2015). Using the example
of the Hoton gas field in the southern North Sea,
they demonstrate how successful exploitation of
unconventional reservoirs can be enabled through
this approach, thus unlocking previously uneco-
nomic resources.
INTRODUCTION
Conclusion
This volume demonstrates the value of structural
geological techniques to resource industries, and
particularly to petroleum exploration and pro-
duction. It showcases a variety of workflows, and
demonstrates the broad applicability of structural
principles at all scales and stages of the E&P life-
cycle. Structural geology has played, and will
continue to play, a fundamental role in resource dis-
covery, economic extraction and safe operations for
many decades to come.
The authors wish to acknowledge the generous finan-
cial support provided in association with this volume to
the Geological Society and the Petroleum Group by Bad-
ley Geoscience Ltd, BP, CGG Robertson, Dana Petro-
leum Ltd, Getech Group plc, Maersk Oil North Sea
UK Ltd, Midland Valley Exploration Ltd, Rock Deforma-
tion Research (Schlumberger) and Borehole Image &
Core Specialists (Wildcat Geoscience, Walker Geosci-
ence and Prolog Geoscience). We would like to thank
the fine team at the Geological Society’s Publishing
House for the excellent support and encouragement that
they have provided to the editors and authors of this Spe-
cial Publication.
References
Bergbauer, S. &Maerten, L. 2015. Unlocking stranded
resources in naturally fractured reservoirs using a
novel approach to structural reconstructions and
palaeostress field modelling: an example from the
Hoton field, southern North Sea, UKCS. In: Richards,
F. L., Richardson, N. J., Rippington, S. J.,Wilson,
R. W. & Bond, C. E. (eds) Industrial Structural Geol-
ogy: Principles, Techniques and Integration. Geologi-
cal Society, London, Special Publications, 421. First
published online February 18, 2015, http://doi.org/
10.1144/SP421.8
Blenkinsop, T.,Doyle, M. &Nugus, M. 2015. A unified
approach to measuring structures in orientated drill
core. In:Richards, F. L.,Richardson, N. J.,Ripping-
ton, S. J.,Wilson, R. W. & Bond, C. E. (eds) Indus-
trial Structural Geology: Principles, Techniques and
Integration. Geological Society, London, Special Pub-
lications, 421. First published online February 16,
2015, http://doi.org/10.1144/SP421.1
Bond, C. E., Johnson, G. & Ellis, F. 2015. Structural
model creation: the impact of data type and creative
space on geological reasoning and interpretation. In:
Richards, F. L., Richardson, N. J., Rippington,
S. J., Wilson, R. W. & Bond, C. E. (eds) Industrial
Structural Geology: Principles, Techniques and Inte-
gration. Geological Society, London, Special Publica-
tions, 421. First published online February 11, 2015,
http://doi.org/10.1144/SP421.4
Cosgrove, J. W. 2015. The association of folds and frac-
tures and the link between folding, fracturing and
fluid flow during the evolution of a fold–thrust belt: a
brief review. In: Richards, F. L., Richardson, N. J.,
Rippington, S. J., Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online May
12, 2015, http://doi.org/10.1144/SP421.11
Freeman, B., Quinn, D. J., Dillon, C. G., Arnhild, M.
& Jaarsma, B. 2015. Predicting subseismic fracture
density and orientation in the Gorm Field, Danish
North Sea. In: Richards, F. L., Richardson, N. J.,
Rippington, S. J., Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online
March 10, 2015, http://doi.org/10.1144/SP421.9
Mackay, P. A. 2015. The role of fluid pressure in contrac-
tional systems: examples from the Southern Canadian
Rocky Mountains. In: Richards, F. L., Richardson,
N. J., Rippington, S. J.,Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online Febru-
ary 18, 2015, http://doi.org/10.1144/SP421.5
Morley, C. K. 2015. Five anomalous structural aspects
of rift basins in Thailand and their impact on petro-
leum systems. In: Richards, F. L., Richardson, N. J.,
Rippington, S. J., Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online Febru-
ary 11, 2015, http://doi.org/10.1144/SP421.2
Murray, A. 2015. A method for characterizing basement
rocks from borehole images. In: Richards, F. L.,
Richardson, N. J., Rippington, S. J., Wilson,
R. W. & Bond, C. E. (eds) Industrial Structural Geol-
ogy: Principles, Techniques and Integration. Geologi-
cal Society, London, Special Publications, 421. First
published online February 6, 2015, http://doi.org/10.
1144/SP421.6
Ogilvie, S., Barr, D., Roylance, P. & Dorling, M.
2015. Structural geology and well planning in the
Clair Field. In: Richards, F. L., Richardson, N. J.,
Rippington, S. J., Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online
February 23, 2015, http://doi.org/10.1144/SP421.7
Pless, J. C., McCaffrey, K. J. W., Jones, R. J., Holds-
worth, R. E., Conway, A. & Krabbendam, M. 2015.
3D characterization of fracture systems using terrestrial
laser scanning: an example from the Lewisian basement
of NW Scotland. In: Richards, F. L., Richardson,
N. J., Rippington, S. J.,Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online August
5, 2015, http://doi.org/10.1144/SP421.14
Richards, F. L., Richardson, N. J., Bond, C. E. & Cow-
gill, S. M. 2015. Interpretational variability of struc-
tural traps: implications for exploration risk and
volume uncertainty. In: Richards, F. L., Richardson,
N. J.,Rippington, S. J.,Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online July
16, 2015, http://doi.org/10.1144/SP421.13
N. J. RICHARDSON ET AL.
Rippington, S., Mazur, S. & Warner, J. 2015. The
crustal architecture of the Faroe–Shetland Basin:
insights from a newly merged gravity and magnetic
dataset. In: Richards, F. L., Richardson, N. J., Rip-
pington, S. J., Wilson, R. W. & Bond, C. E. (eds)
Industrial Structural Geology: Principles, Techniques
and Integration. Geological Society, London, Special
Publications, 421. First published online April 16,
2015, http://doi.org/10.1144/SP421.10
Rose, P. R. 2001. Risk Analysis andManagement of Petro-
leum Exploration Ventures. AAPG Methods in Explo-
ration, 12.
Wood, A. M., Paton, D. A. & Collier, R. E. Ll. 2015.
The missing complexity in seismically imaged normal
faults: what are the implications for geometry and
production response? In:Richards, F. L.,Richardson,
N. J., Rippington, S. J.,Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online July
14, 2015, http://doi.org/10.1144/SP421.12
Yielding, G. 2015. Trapping of buoyant fluids in fault-
bound structures. In: Richards, F. L., Richardson,
N. J., Rippington, S. J.,Wilson, R. W. & Bond, C. E.
(eds) Industrial Structural Geology: Principles, Tech-
niques and Integration. Geological Society, London,
Special Publications, 421. First published online Febru-
ary 2, 2015, http://doi.org/10.1144/SP421.3
INTRODUCTION
